Dendrochronology climate reconstruction studies often sample dominant, open-grown trees to reduce competition effects and isolate annual climate influences on radial increment growth. However, there has been no examination of how species respond as stand densities increase or which species in mixed-conifer forests provide a better record of past climate. We sampled 579 trees representing five upper montane mixed-conifer species at the Teakettle Experimental Forest in California's southern Sierra Nevada to determine species-specific responses to annual climatic fluctuations. Using the Kalman filter, we examined the affect of local stand density on growth response and whether the growth-climate relationship improved with a time lag. The Kalman filter iteratively calculates error for predicted versus actual radial growth and accounts for this variation in the corrector equation. Under current high-density conditions, shade-tolerant white fir (Abies concolor (Gord. & Glend.) Lindl.) provided the best model for climate reconstruction. Shade-intolerant Jeffrey pine (Pinus jeffreyi Grev. & Balf.) had a lagged response to annual climatic fluctuations, possibly because its roots may tap water reserves in granitic bedrock fissures. Open-grown trees provided more accurate records of climate. Changes in forest density in this forest may have resulted in changes in species-specific response to annual climatic fluctuations.
Introduction
Tree-ring climate reconstructions have been an important tool for providing site-specific records of climatic fluctuations where long-term instrumental data are unavailable. Often, these reconstructions are based on measurements from dominant trees and sites that are preferentially selected to avoid trees affected by competitive stand dynamics.
Standard reconstruction methods rely on the principle of uniformitarianism, which states that tree growth response to current and past climate conditions will be similar. The uniformitarian assumption, however, may not hold for closedcanopy forest conditions (Van Deusen and Koretz 1988) , where density-dependent competition can override the relationship between tree growth and climate. With the advent of fire suppression, many old trees in western forests are no longer growing in open conditions and may be experiencing decreased basal area increment because of resource competition (Biondi 1996) . A shift in the late 19th century climate that is causing a general warming trend may be resulting in a decreased tree growth response to climate (Wilmking et al. 2004; Briffa et al. 1998a) ; however, no consensus currently exists on tree growth response to climate change (Pan and Raynal 1995) . Given this change in forest conditions, alternative methods of tree-ring analysis are needed to identify which species and individuals in high-density mixed stands provide the best correlation between radial increment growth and annual climate conditions.
State-space models offer an alternative analysis of radial increment growth that can be used to track growth trends over time and do not rely on uniformitarianism. One model, the Kalman (1960) filter, iteratively optimizes its predictive estimates and minimizes the estimated error covariance (Maybeck 1979) . This iterative process accounts for all data points up to and including data from the previous time step, but the recursive methodology effectively gives more weight to recent data and less weight to past data (Van Deusen and Koretz 1988) when predicting the next time step. In the iterative process, the amount of error in the predicted versus the actual data point is calculated, the error is accounted for, and a corrector equation is applied to minimize the estimated error covariance in the next time step. The Kalman filter does not rely on the uniformitarian assumption, because the error covariance can change with each time step enabling the climate reconstruction to compensate for climatic shifts and changes in forest density that can affect the growth-climate relationship for tree rings. The Kalman filter has been used extensively in electrical, computer, and aerospace engineering (Shumway and Stoffer 2000; Maybeck 1979 ) and has recently been applied in ecology to reconstruct productivity in salmon (Peterman et al. 2003) , to monitor growth of American beech (Fagus grandifolia Ehrh.) affected by beech bark disease (Gove and Houston 1996) , and to examine tree-ring response to climate and pollution (Pan and Raynal 1995; van den Brakel and Visser 1996; Van Deusen and Koretz 1988; Van Deusen 1990) . To date, the Kalman filter has never been applied to a tree-ring data set for a multispecies, closed-canopy stand where radial increment growth will likely vary among species and over time following fire suppression.
The upper mixed-conifer forest in California's southern Sierra Nevada has five main species and has significantly changed from an open parklike stand structure, as described by Muir (1894) , to closed-canopy conditions as a result of fire suppression (McKelvey and Busse 1996) and other human caused disturbances, such as livestock grazing (Stephens and Elliot-Fisk 1998) . In this Mediterranean climate with a prolonged summer drought, available water derived from the winter snowpack is the most significant influence on growth (Witty et al. 2003) . Within mixed-conifer forest, species abundance varies with microsite conditions. Red fir (Abies magnifica A. Murr.) is usually concentrated in riparian corridors and cold air drainages; white fir (Abies concolor (Gord. & Glend.) Lindl.), incense cedar (Calocedrus decurrens (Torr.) Florin), and sugar pine (Pinus lambertiana Dougl.) occur in midslope areas; and Jeffrey pine (Pinus jeffreyi Grev. & Balf.) is found in shallow soils on ridgetops (North et al. 2002) . Some studies have suggested microsite differences in soil and bedrock fissure water-holding capacity may buffer or lag Jeffrey pine's susceptibility to a given year's climate conditions (Arkley 1981 , Hubbert et al. 2001 . Unmanaged Sierran mixed-conifer forests are multiaged, have a clustered stem distribution, and have experienced a century of fire suppression that could alter species and individual growth response to climate. Our objective was to determine which of the five species in mixed-conifer forest is the most responsive to nonlagged and time-lagged climatic fluctuations. Specifically, our hypotheses were (i) there will be significant differences between species in their radial growth response to fluctuations in annual climate as measured by Palmer drought severity index (PDSI) (Palmer 1965; Cook et al. 1999) ; (ii) for all species, the model of increment growth and annual climate will be better for current year than any of the time-lagged models; and (iii) amongst trees of the same species, there will be a significantly better fit of radial growth with climate for individuals growing in open versus closed stand conditions.
Tree-ring records have been a powerful tool for reconstructing past climate conditions, but to date, there have been no studies comparing different tree species within Sierran mixed-conifer stands or assessing how local density may affect the correlation between annual climate and radial growth increment.
Methods

Study area
This study was conducted at the 1300 ha Teakettle Experimental Forest, southern Sierra Nevada, California (http:// teakettle.ucdavis.edu). An old-growth forest, ranging between 1900 and 2600 m in elevation, Teakettle is located 80 km east of Fresno, California, on the north fork of the Kings River. The Experimental Forest consists of forest types ranging from mixed conifers at lower elevations to a mix of red fir and lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) at higher elevations. We sampled 579 trees in the mixed-conifer forest. By basal area, the mixed-conifer portion of the experimental forest is 60% white fir, 18% incense cedar, 13% sugar pine, 4% Jeffrey pine, 4% red fir, and 1% hardwoods (North et al. 2004 ).
Tree rings
Sampling was conducted within a 200 ha contiguous block of mixed-conifer forest. The long-term Teakettle project is a 3 Â 2 full factorial design, comparing the effects of thinning and burning on 18 replicated 4 ha plots (North et al. 2002) . Within this experimental framework, we used a postharvest, opportunistic sampling strategy to collect cross sections from stumps. We utilized this sampling methodology to overcome sampling bias that can occur by sampling only dominant and codominant individuals (Steele and Fiedler 1996) . A subset of six thinned plots was selected; within the plots, all stumps that were accessible and safe to sample with a chainsaw were selected. From the subset of six plots, 579 individual trees were sampled. Of these 579 individuals, we excluded samples with rot and were able to use 538, of which 292 (54%) were white fir, 63 (12%) were red fir, 99 (18%) were incense cedar, 35 (7%) were Jeffrey pine, and 49 (9%) were sugar pine. Organic matter was removed from the base of stumps and cross sections were cut at mineral soil depth. Cross sections were sanded and cut into strips cambium to cambium, and aged prior to cross dating. We began with what appeared to be the 20 oldest cross sections. The cross sections were skeleton plotted and cross-dated as described by Stokes and Smiley (1968) . Marker years of narrow growth were identified from these initial cross-dated samples. These marker years were then used as a reference list for comparing all other series, which were cross-dated using methods described by Yamaguchi (1991) . After cross dating, cross sections were aged again, and corrections made to original sample age estimates.
Annual ring width was measured to the nearest 0.001 mm using a Unislide ''TA'' tree-ring measuring system (Velmex, Bloomfield, New York). Chronologies and sample depth over time were constructed for each species (Fig. 1 ). Chronologies were developed for each species to remove low-frequency growth variability using the software ARSTAN (Holmes et al. 1986) . Detrending started by applying a negative exponential curve or linear regression (whichever had the best fit) to the raw tree-ring series of each tree. Residual indices were computed by subtracting the growth values from the detrending curve or line. A cubic smoothing spline was not applied, because the removal of growth trends is user defined and risks the loss of variability that may be derived from long-term climate trends (Briffa and Osborn 1999) . Chronology computation from each ring series was accomplished by using a robust biweighted mean. Residual chronologies were produced using the residuals from autoregressive modeling of the standard chronologies. Each series was modeled as an autoregressive process, where the order was selected for the individual series by a first-minimum Akaike information criterion (AIC) search (Akaike 1973) . We examined residual chronology descriptive statistics using series correlations to the chronology and sensitivity indices (Table 1) .
Weather records
To assess whether local (i.e., Teakettle) climate patterns corresponded with regional (i.e., PDSI) climate measures, we used the same nested calibration approach used by North et al. (2005) . This method involved gathering climate records from Grant Grove (the closest long-term climate monitoring station, 20 km away at the same 1800 m elevation), which had snow records dating back to 1930, and precipitation records dating back to 1878 from Fresno, California (80 km away and at 50 m elevation). Then, we calculated water year totals (1 July -30 June) and standardized each data set by subtracting the mean and dividing by the standard deviation. Comparing Grant Grove snow records with three widely cited El Niño -La Niña sources that agreed on events over the past 30 years (Kiladis and Diaz 1989; Smith and Sardeshmukh 2000 ; NOAA Climate Prediction Center, http://www.cpc.ncep.noaa.gov) we found that years that were one standard deviation above and below the mean match El Niño and La Niña events. We then compared the Grant Grove data set to the Fresno data set and determined 
Relative density
We calculated an approximation of local crowding for each sample tree using Thiessen polygons. The size and distribution of Thiessen polygons has been used to evaluate the impact of density, growing space, and competition of neighboring plants on plant succession (Mithen et al. 1984; Kenkel et al. 1989 ). All trees 5 cm diameter at breast height (DBH), including our 538 sample trees, were mapped using a surveyor's total station for the Teakettle Experiment. Using this stem map and ARC/INFO software, the area around each tree was bisected by an equidistant line between adjacent stem locations, and the lines were connected to form a polygon around each cookie-sampled tree location (Kenkel et al. 1989 ). The polygon's area is an approximation of the potential growing space, in square metres, for an individual tree. Polygon size is a function of local stand density, with smaller areas indicative of dense, ''dog hair'' conditions. Polygons were then weighted by dividing each polygon's area by the basal area in square metres of the individual tree to take into account the greater growing space demands (i.e., light, water, and nutrients) of larger trees. This approximation of local stand density is limited, because it is estimated from current conditions.
Analysis
To examine species-specific response to climate and the resultant climate reconstruction differences, we used the Kalman filter, which forecasts time (t) using all information at time t -1 (Gove and Houston 1996; Shumway and Stoffer 2000; Van Deusen and Koretz 1988) . As new information becomes available, the estimate is recursively updated (du Plessis 1996). To use a linear model with the Kalman filter, the model is written in state-space form represented by the observation and transition equations:
where Y t is an estimate of the mean ring width, X t is a matrix of lagged ring widths (taken from each species master chronology and PDSI values), t is a state vector, v t is a white noise vector resulting from the inability to directly measure the state variable t , G t is a transition matrix, and w t is an error vector. State-parameter estimates are made using three sets of equations: prediction, updating, and smoothing equations (Van Deusen and Koretz 1988) . Following Van Deusen and Koretz (1988) , an optimal estimation (a t ) is calculated for t . This estimation includes all information up to and including
t þ W t where P t is the covariance matrix of a t À t and W t is the transition variance matrix. As follows, when Y t becomes available, the updating equations for estimating t and the associated covariance matrix are
where E t is a weighted mean of the prediction errors and H t is the covariance matrix of those prediction errors, which are calulated as follows:
where V t is equal to the variance of v t . V t and W t are calculated using q parameters and 2 t . The among-tree variance 2 t from the standardized master chronology is used to estimate 2 t , and maximum likelihood is used to estimate the unknown q parameters (see Van Deusen and Koretz 1988) .
The AIC was used to select the species-specific model that most accurately predicts PDSI. We used AIC c , a correction for small sample size (Burnham and Anderson 2002) . AIC c requires an estimate of maximum likelihood (L), which was calculated using
where new information in Y t is represented by E t . Using the following formula, we computed AIC c as well as Á i (the difference between the lowest AIC c value and the AIC c value for a given model i; it is used to rank models and determine the level of empirical support), w i (the weight of evidence; another metric for model selection, calculated by dividing the model likelihood for a given model by the sum likelihoods), and w i /w j (the evidence ratio for each model; the ratio of the weights of evidence of the best model and a given model)
where k is the number of state parameters plus the number of q parameters. Different models were evaluated using Á i following Burnham and Anderson (2002) . Models having a Á i within 2 of the best model are substantially supported, whereas models having a Á i between 4 and 7 have considerably less support. Approximate 95% confidence intervals were calculated for the filtered response of each species using plus or minus two times the square root of the variance estimates of the q parameters. In addition, we calculated the modified Von Neumann ratios (MVNR) and their 95% confidence intervals and ran the C* test. MVNR uses the recursive residuals to test whether the prediction errors are independent, and C* is a test statistic using the recursive residuals to determine whether the model is correctly specified (see Van Deusen 1990) . C* has a t distribution when the model is correctly specified.
For each species, we developed models of radial increment growth against a time lag of PDSI values. We lagged the tree ring chronologies by 1, 2, 3, 5, 10, and 15 years and modeled them against the PDSI data set using AIC c to evaluate the performance of the different lag periods. The time lag models were arbitrarily selected to explore the idea that an abiotic factor may be acting on each species, thereby resulting in a delayed response to annual climatic variation.
To analyze the potential effects of tree density, radial growth, and climate response, we ran Kalman filters for a subset of 46 trees that represented a range of Thiessen values within each species and calculated their corresponding AIC c values. We plotted AIC c values against weighted Thiessen polygon size for each species and used dummy variable regression to examine whether there was a polygon size threshold at which AIC c values rapidly increased. After identifying the threshold value, we ran filters for all individuals that had Thiessen values greater than or equal to the threshold value.
Results
Model selection -Species-specific response
All model prediction errors were determined to be independent based on their associated MVNR values falling within the 95% confidence intervals (Tables 2 and 3 ). The C* test statistics and their associated p values indicate that all models were correctly specified (Tables 2 and 3) . We identified differences between the fit of annual increment and PDSI values for mixed conifer's five species. White fir had the lowest AIC c value of -5.01 (Table 2 ) and the greatest number of occurrences where actual PDSI measurements fell within the 95% confidence intervals (2 AE ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1:10429 p ) (Fig. 2a) . White fir also represented 53% of the total weight (w i ) among models (Table 2) . Incense cedar, sugar pine, and red fir had AIC c values of -0.90, -0.63, and 0.08, respectively ( Table 2 ). The Á i values for incense cedar (4.1; Fig. 2c ), sugar pine (4.3; Fig. 2e ), and red fir (5.0; Fig. 2b ) fell between 4 and 7, indicating considerably less support for the models (Burnham and Anderson 2002) . Jeffrey pine had an AIC c value of 2.57 with Á i equal to 7.5 (Fig. 2d) . The C* indicates model misspecification if P(C*), the probability of a greater absolute value of C*, is small. c Akaike's information criterion adjusted for small sample size. The C* indicates model misspecification if P(C*), the probability of a greater absolute value of C*, is small. c Akaike's information criterion adjusted for small sample size. The ratio of weights of a given model and the best model. The 1, 2, 3, 5, 10, and 15 year time-lag models for white fir, red fir, incense cedar, and sugar pine had higher Á i values than the nonlagged models suggesting the best fit for these species was between the radial increment and PDSI value in the same year. For Jeffrey pine, the 5 year lag had the lowest AIC c value (Table 3, Fig. 3 ). However, the 1, 2, 3, and 10 year time lags had Á i values within two of the 5 year lag, indicating that they were equally well supported. The 1, 2, 3, 5, and 10 year time-lag models represented 93% of the total weight (w i ) among models (Table 3) . The 15 year lag and zero time lag models had less support as indicated by the evidence ratios (Table 3) . To examine the affects of density on annual growth for four mixed-conifer species (white fir, incense cedar, Jeffrey pine, and sugar pine), we used the tree map data set from the Teakettle project. We filtered a subset of individuals and determined that individuals with a weighted Thiessen value 41.25, which is equivalent to a spacing of 9 m between stems for a group of 50 cm trees, had consistently lower AIC c values than individuals with Thiessen values <41.25 for white fir, incense cedar, Jeffrey pine, and sugar pine. Larger Thiessen values are associated with lower density. This finding indicates that individuals of each species growing in more open stand conditions have a stronger climate signal in annual growth rings than individuals of the same species growing in closed stands. A graph of Thiessen polygon size plotted against AIC c for each sample tree (Fig. 4) , with dummy variable regression lines overlain on the plot indicates that more open grown individuals (larger Thiessen value) have a stronger relationship (lower AIC c values) between radial growth and annual climate. Comparing the slopes of the regression lines indicates that, once the Thiessen threshold is surpassed, there is a significant relationship between Thiessen value and AIC c value (p = 0.0355). Although a Thiessen value of less than 50 did not always mean that the individual had a Á i value greater than 2, most of these recorder trees were poor indicators of climate. For red fir, density of the recorder tree was not related to the fit between PDSI and radial increment growth.
Discussion
When examining species-specific response to climate, we found that white fir had the lowest AIC c value (-5.01), indicating that, of the selected models, white fir radial growth most accurately followed annual changes in PDSI. Speciesspecific differences in growth response to climate have also been documented in the dry forests of Namibia (Fichtler et al. 2004 ) and in high-elevation forests of the Sierra Nevada (Graumlich 1993) . Fichtler et al. (2004) found that Burkea africana Hook. was more sensitive to precipitation than Pterocarpus angolensis DC. Graumlich (1993) found differences in growth response to climate between Pinus balfouriana Grev. & Balf. and Juniperus occidentalis Hook.
We found a density threshold where individuals that had larger Thiessen values (more open grown) tended to have Á i values within two of the best model (i.e., were better climate ''recorders''). Density affects annual growth response in most tree species and often dampens or obscures the radial growth and climate relationship (Piutti and Cescatti 1997) . In our sample, there were some open-grown trees that were not good recorders of annual climate conditions; with the variables we measured, we were unable to determine why these individuals did poorly. These results should be considered within the limitations of our study. By collecting cookies in close proportion to Teakettle's mixed-conifer composition, we have a much larger sample size for white fir and incense cedar than for red fir, Jeffrey pine, and sugar pine. We took this approach so that our sample was proportional to the stem frequency of the different species, but it also means we have a more robust model for white fir and incense cedar than the other species. Our analysis of whether local density may affect a tree's climate response assumes current conditions are representative of a tree's competitive environment over the period we analyzed and that all trees are competing for the same resources. Tall, deeply rooted, old-growth individuals may be only slightly affected by the close proximity of smaller, more shallow-rooted individuals. Demographic work at Teakettle (North et al. 2005) suggests current stem densities reflect the ingrowth of many small trees originating 15 years after Teakettle's last widespread fire in 1865. However, a recorder tree may have been influenced by adjacent trees that have died, decayed, and are no longer detectable in current stand conditions. Although many studies have found a strong influence of climate on annual radial growth (Douglass 1920; Fichtler et al. 2004; Graumlich 1993) , changes in microsite conditions also influence radial increment growth and are difficult to identify and isolate from climate effects (Briffa et al. 1998b; Oberhuber and Kofler 2000; Tardif et al. 2003) .
White fir annual radial growth was the best indicator of annual climate of the trees we sampled possibly because of its autecology and favored microsite conditions. White fir is often growing in clusters of trees, is found topographically in midslope stands, and is a strong shade-tolerant competitor (Harlow et al. 1996; Stuart and Sawyer 2001) . These factors may be allowing white fir to capitalize on available moisture resulting in increased responsiveness to interannual fluctuations in precipitation. In our study, 67% of the white fir sampled had heights (10-25 m) that placed them in the midcanopy position. Gersonde and O'Hara (2005) found that individuals growing in the midcanopy had higher light use efficiencies than individuals growing in the lower or upper canopy. In addition, only 21% of the individuals we sampled were established prior to Teakettle's last extensive fire (1865). Seymour and Kenefic (2002) found that tree growth efficiency decreases with age. With a large majority of the white fir individuals sampled having established fairly recently, higher growth efficiency may contribute to their stronger growth-climate relationship. Incense cedar growth was less correlated with annual climate than white fir, possibly because its light use efficiency does not differ with canopy position (Gersonde and O'Hara 2005) and because it does not experience accelerated growth during any of its life stages. incense cedar allocates a greater proportion of its growth to nonphotosynthetic tissue and, compared with white fir, has much thicker bark and larger branches. Mäkelä (1986) and Givnish (1988) found that a de- crease in tree growth efficiency occurs as growth is concentrated in nonphotosynthetic tissue compared with leaf area.
Sugar pine was also less correlated with annual climate than white fir possibly because of its relatively plastic response to environmental conditions. Sugar pine can be shade tolerant in the seedling and sapling stages but becomes more shade intolerant with age (Harlow et al. 1996) . In our study site, it occurs in xeric to mesic microsites. In addition to sugar pine's adaptability, 31% of our sample came from older trees (before 1865), which may have lower growth efficiency.
Red fir's poor growth-climate relationship may result from its topographic location within the mixed-conifer zone at the Teakettle Experimental Forest. Growing primarily within riparian zones (North et al. 2002) , our red fir samples may have had a buffered microclimate, thereby reducing its sensitivity to annual climate fluctuations.
The relatively poor relationship between annual growth and climate for Jeffrey pine was unexpected, because North et al. (2005) found Jeffrey pine establishment associated with El Niño events at the same site. Jeffrey pine dominated stands are typically found on xeric south-or west-facing slopes and are characterized by open canopies and low stand densities (Rundel et al. 1977; Barbour and Minnich 2000) . Most of Teakettle's Jeffrey pines are located in similar conditions. Open-grown trees tend to have lower growth variability associated with stand dynamics; whereas the xeric shallow-soiled sites Jeffrey pine occupies suggest these trees would be sensitive to precipitation (Schweingruber et al. 1990 ). Fekedulegn et al. (2003) has suggested species having a conservative growth strategy are less affected by drought than more rapidly growing individuals. Orwig and Abrams (1997) also have found that individuals growing on xeric sites were less impacted by drought than individuals growing in more mesic areas. However, in our study, some Jeffrey pine still had high annual growth rates even on xeric sites. A study by Hubbert et al. (2001) suggests Jeffrey pine might be buffered from annual precipitation abundance, because its roots can access deep water reservoirs. Working in a Jeffrey pine plantation in the southern Sierra, Hubbert et al. (2001) found that, throughout the growing season, Jeffrey pine extracted water from both the soil and bedrock fissures, and reliance on bedrock water increased as soil water was depleted. To inferentially examine this idea, we ran timelagged models for each species, but only the Jeffrey pine model was substantially improved with a time lag model. Our study did not investigate the mechanisms that cause this delay, but one explanation might be Jeffrey pine's use of bedrock water, which buffers against current climate conditions but becomes exhausted during extended periods of drought. Although the possibility does exist that the lagged response may be the result of extreme weather events such as El Niño, these events are accounted for in the PDSI. The poor performance of lagged models for the other three species suggests annual growth is responding to extreme weather events in the year of occurrence. The relationship between Jeffrey pine seedling establishment and El Niño (North et al. 2005 ) may diminish over time as the root structure of adult trees grows and is able to access groundwater.
Unexpectedly, we found radial growth of a shade-tolerant species (white fir) correlated best with modern climate conditions and that, for one (red fir) of the five species sampled, open growing conditions did not improve climate model fit. As forest conditions become increasingly dense from a century of fire suppression, it may become more difficult to identify species and individuals that can provide the best annual growth to climate response. Our findings suggest that a tree's annual growth response to climate can be influenced by its species characteristics and localized differences in stand density.
